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(57) ABSTRACT 

Disclosed are methods of selecting wide host range bacte 
riophage capable of growing in a plurality of bacteria includ 
ing pathogenic and non-pathogenic bacteria and bacterioph 
age selected by the methods. Also disclosed are methods of 
treating a Subject infected with a pathogenic bacterium using 
bacteriophage and methods of decontaminating objects using 
bacteriophage. Also disclosed are methods of producing vac 
cines. In another aspect, methods of determining bacterial 
viability and methods of improving the sensitivity of a bio 
sensor using wide host range bacteriophages are disclosed. 
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1. 

METHOD FOR BACTERIOPHAGE 
DELIVERY AND AMPLIFICATION 

CROSS REFERENCE TO RELATED 
APPLICATION 

This application is a divisional of U.S. patent application 
Ser. No. 1 1/473,449, filed Jun. 23, 2006, and published as 
U.S. Patent Publication No. 2007/0154459 on Jul. 5, 2007, 
which application is a continuation-in-part of U.S. applica 
tion Ser. No. 10/818,273, filed Apr. 5, 2004 and claims the 
benefit of that application and U.S. Provisional Application 
No. 60/461,042 filed Apr. 7, 2003, which are incorporated 
herein by reference. 

STATEMENT REGARDING FEDERALLY 
SPONSORED RESEARCH ORDEVELOPMENT 

This invention was made with Government support under 
the terms of Grant No. 2001-34211-10288 awarded by the 
United States Department of Agriculture, Cooperative State 
Research Education and Extension Service. The Government 
has certain rights in the invention. 

BACKGROUND 

Foodborne illness affects more than 76 million Americans 
each year with an estimated cost of 1.4 billion dollars in lost 
human productivity, medical expenses and increased animal 
production costs in the United States alone (FoodNet, 2002: 
Madie, 1992). Salmonellosis contributes 36% of this inci 
dence. With the increased resistance of bacteria to anti-mi 
crobials and the withdrawal of antibiotics, such as the fluo 
roquinolones, from use in poultry production by the Food and 
Drug Administration, effective alternative treatments for pre 
vention and treatment of bacterial diseases must be devel 
oped. Strain-specific bacteriophage therapy has been Sug 
gested as an alternative to antimicrobials for the control of 
bacterial diseases, such as Salmonellosis, in animals and man 
(Slopeket al., 1987; Smith and Huggins, 1982, 1983; Parket 
al., 2000, Huffet al., 2001). 

Bacteriophages are members of a specific group of viruses 
that only infect and replicate in bacteria, and have no potential 
to infect animals or plants. Replication of the bacteriophage 
can result in lysis and death of the host bacterial cells. Bac 
teriophages are ubiquitous and can be found in water, sewage 
or soil. Bacteriophages are characterized as extremely host 
specific and will often infect and replicate in only one bacte 
rial species or only a single serotype within a species. This 
specificity of the bacteriophage for a particular host bacte 
rium has been utilized in classifying bacteria, but has been a 
limiting factor in using bacteriophage to kill bacteria and treat 
or prevent the spread of bacterial diseases. There have been 
numerous attempts, with some success, to use bacteriophages 
to treat bacterial infections (Slopek et al., 1987; Smith and 
Huggins, 1982, 1983; Park et al., 2000, Huff et al., 2001). 
However, commercial use of bacteriophages for treatment of 
infections has not gained widespread acceptance in part due 
to the need to identify an effective and strain-specific bacte 
riophage for each disease outbreak. 
The use of bacteriophages for therapy or decontamination 

purposes has been limited for several reasons, including 
strain specificity of Some bacteriophage. Strain specificity 
requires that the bacteria are identified and the susceptibility 
of the bacteria to the bacteriophage assessed before using the 
bacteriophage. This process is time-consuming and costly. 
Additionally, bacteriophages require bacteria for growth and 
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2 
thus it is often difficult to ensure removal of the bacteria from 
the bacteriophage preparation. This is especially problematic 
if the bacteriophage only grows in pathogenic bacteria. In 
addition, it has proved difficult to deliver large numbers of 
bacteriophages to the sites of infection. For example, bacte 
riophages are lost as they travel through the upper gastrointes 
tinal tract, which has uniformly resulted in the need for 
administration of large numbers of bacteriophages for the 
treatment of enteric infection. Thus, bacteriophage therapy 
while promising has not proved useful due to these limita 
tions. 

SUMMARY 

Methods of selecting a wide host range bacteriophage by 
isolating a bacteriophage capable of lysing a plurality of 
bacteria are provided. The plurality of bacteria suitably 
includes both pathogenic and non-pathogenic bacteria. Meth 
ods of selecting a bacteriophage capable of Surviving passage 
through the gastrointestinal tract of a subject are also pro 
vided. Wide host range bacteriophages selected according to 
the methods are also disclosed. 

In another aspect, medicaments for treating infections 
caused by pathogenic bacteria are disclosed. The medicament 
includes a wide host range bacteriophage infected non-patho 
genic bacterium, wherein the bacteriophage is selected 
according to the disclosed methods. 

In yet another aspect, methods of treatinga Subject infected 
with a bacterium are disclosed. The subject is treated by 
administering a wide host range bacteriophage selected by 
the disclosed methods to the subject. The bacteriophage lyses 
the bacterium to treat the infection. 

In a further aspect, methods of decontaminating an object 
by applying a wide host range bacteriophage to the object are 
provided. The object is decontaminated by the bacteriophage 
lysing bacteria contaminating the object. 

In a still further aspect, methods of producing vaccines are 
disclosed. Bacteria are infected with a bacteriophage selected 
according to the disclosed methods and lyse the bacteria to 
produce a killed bacterial vaccine. 

In another aspect, methods of determining bacterial viabil 
ity in a sample are disclosed. Bacteriophages capable of lys 
ing the bacteria are added to a sample containing the bacteria 
and bacteriophage reproduction in the sample is indicative of 
the viability of the bacteria in the sample. 

In a further aspect, methods of improving the sensitivity of 
a biodetector are disclosed. A sample Suspected of containing 
bacteria is treated with the bacteriophage selected according 
to the disclosed methods. Lysis of the bacteria in the sample 
and reproduction of the bacteriophage are indicative of live 
bacteria in the sample. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a graph showing amplification of Salmonella 
enteritidis-selected bacteriophages in alternative host bacte 
ria. The combined bacteriophages were amplified in alterna 
tive host bacteria (E. coli-3 isolates, Klebsiella sp.-1 isolate) 
for four rounds of infection. The plaque forming units (PFU) 
from the final round were determined in Salmonella enteriti 
dis using soft agar overlay plates. 

FIG. 2 is a graph showing amplification of wide-host-range 
bacteriophages in alternative hosts. Bacteriophages from Sal 
monella enteritidis Soft agar overlay plates after enrichment 
in the alternative host bacteria were isolated and re-amplified 
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in the alternative host. The bacteriophages were then plated 
using the Soft agar overlay method on the respective alterna 
tive host bacteria. 

FIG. 3 is a graph showing amplification as measured by 
PFU/mL of two wide host range bacteriophages on 10 Sal 
monella species. Bacteriophages were individually amplified 
in each species of Salmonella and PFU determined using soft 
agar overlay plates. 

FIG. 4 is a graph showing recovery of Salmonella enteriti 
dis (SE) from broiler carcasses inoculated with 20 CFU of SE, 
and sprayed with 5.5 mL of 0 or 0.53x10, 10, 10, or 10' 
PFU/mL of a single bacteriophage isolate. Bacteriophages 
were amplified in alternative host bacteria prior to inoculation 
eliminating the risk of accidental introduction of a pathogenic 
bacterium to a food product. “Different superscripts indi 
cate significant (P<0.05) differences in recovery incidence. 

FIG. 5 is a graph showing recovery of Salmonella from 
commercial turkey carcasses rinsed with Saline (control), 
saline containing 72 individual bacteriophage isolates ampli 
fied either in the original Salmonella enteritidis host (collec 
tively 1.6x10 PFU/mL), in the Salmonella field isolate (S9) 
obtained from the flock antemortem (1.8x107 PFU/mL) or a 
combination of both (8.9x107 PFU/mL). Different super 
scripts indicate significant differences (P<0.05) in incidence 
between groups. 

FIG. 6 is a graph showing Survival of bacteriophage iso 
lates PHL 4, 5, 16, and 24 after 30 minincubation at pH 2.0 or 
7.4. Plaque forming units per mL (PFU/mL) were recovered 
by Soft agar overlay plating. Treated media was adjusted to 
pH 2.0 using HCl immediately following addition of bacte 
riophage, and readjusted to pH 7.4 immediately following 
incubation for 30 min. 

FIG. 7 is a graph showing recovery of wide host range 
bacteriophages (WHR) 8 and 10 from the lower gastrointes 
tinal tract of broiler chicks. Day of hatch broilers were admin 
istered bacteriophages and alternative host bacteria (AHB) by 
gavage only or with the addition of AHB in the drinking water 
(DW). Lower ileum, cecae, and large intestine were collected 
6, 26, and 77 h post-gavage. Sterile saline was added and 
samples were sterile filtered. PFU were determined using soft 
agar overlay. 

FIG. 8 is a graph showing recovery of WHR 10 from the 
lower gastrointestinal tract of broiler chicks. Phage was 
administered by oral gavage with alternative host bacteria 
(AHB). Treatments were gavage only, or Subsequent addition 
of AHB at different levels in the drinking water (DW). Lower 
ileum, cecae, and large intestine were collected 6, 24, and 72 
h post-gavage. Sterile Saline was added and samples were 
sterile filtered. PFU were determined using soft agar overlay. 

DETAILED DESCRIPTION 

Commercial and therapeutic applications using bacte 
riophage to reduce bacterial load have not been developed for 
several reasons, including strain specificity of the bacterioph 
age, difficulty of delivery and fear of bacterial contamination 
of bacteriophage preparations. A method of selecting bacte 
riophage capable of growing in a wide host range bacterium is 
disclosed. The method involves isolation of bacteriophage 
capable of lysing a plurality of bacteria. The ability of a 
bacteriophage to lyse a bacterium indicates that the bacte 
riophage is capable of growing or amplifying its genome 
within a particular bacterium. Isolation of a bacteriophage 
means that the bacteriophage has been separated from its 
original source and is capable of amplification outside its 
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4 
original source. Interestingly, the isolated bacteriophage need 
not necessarily be purified separate from other bacteriophage 
for this method to work. 

This method produced a Surprising number of wild-type 
bacteriophage isolates that can be readily propagated in non 
related or only distantly related bacteria. The bacteria useful 
in the methods may be different strains of the same species or 
may be different species. The bacteria may be from different 
genera. As described in the Examples below, a variety of wide 
host range bacteriophages were isolated from a municipal 
wastewater treatment plant and were initially isolated due to 
their ability to amplify on Salmonella enteritidis. Bacterioph 
ages may also be isolated from a variety of sources including, 
but not limited to, lakes, rivers, ponds, livestock farms, food 
processing facilities, soil, manure, hospitals, nursing homes, 
residences, Schools, restaurants, daycare centers, toys, food 
products, and animals or their carcasses, including humans, 
domestic and undomesticated animals, poultry, fish, and their 
by-products. Several of the isolated bacteriophages were 
capable of lysing other species of Salmonella, including 
pathogenic and non-pathogenic strains, as well as Escheri 
chia coli and Klebsiella Oxytoca. 

This method may be used to select bacteriophages that 
target and kill a specific bacterial pathogen, and then to iden 
tify non-pathogenic bacteria or beneficial microflora that can 
serve as an alternative host for in vitro propagation of the 
bacteriophage. The bacteriophage may be selected for growth 
in a wide variety of bacterial genera, including, but not limited 
to, Salmonella, Escherichia, Porphyromonas, Prevotella, 
Fusobacterium, Campylobacter; Streptococcus, Staphyllo 
coccus, Listeria, Klebsiella, Bacillus, Citrobacter, Entero 
bacter; Enterococcus, Bifidobacterium, Leuconostoc, Pro 
teus, Kluyvera, Lactobacillus, and Pediococcus. 
Representative bacterial species for use in the method 
include, but are not limited to, Staphylococcus xylosus, Kleb 
siella Oxytoca, Klebsiella travesani, Citrobacter freundii, 
Enterobacter cloacae, Enterococcus faecium, Kluyvera 
ascorbata, Lactobacillus casei, Lactobacillus cellobiosus, 
Lactobacillus fermentum, Lactobacillus helveticus, Lactoba 
cillus paracasei, Lactobacillus salivarius, Pediococcus par 
vulus, Salmonella enteritidis, Salmonella heidelberg, Salmo 
nella montevideo, Salmonella Ohio, Salmonella typhimurium, 
Salmonella agona, Salmonella infantis, Salmonella minne 
sota, Listeria monocytogenes, Staphylococcus aureus, 
Enterococcus faecium, Porphyromonas gingivalis, Prevo 
tella intermedia, Fusobacterium nucleatum, Campylobacter 
rectus and Escherichia coli. 

Another obstacle in the treatment of bacterial infections 
with bacteriophages is the tremendous reduction of viable 
bacteriophages as they pass through the relatively low pH 
conditions of the upper gastrointestinal tract. Initial Success in 
using bacteriophage therapy for treating enteric Salmonello 
sis has only previously been achieved with simultaneous 
administration of very large numbers of bacteriophages with 
a buffering solution. To overcome this obstacle, the bacte 
riophage may be further selected to survive adverse condi 
tions including, but not limited to, low pH (such as a pH of 2.0 
or 4.0), high pH (such as pH 10.0), desiccation, freezing, high 
temperature, low temperature, and high or low pressure. One 
of ordinary skill in the art could select for bacteriophage 
capable of Surviving passage through the gastrointestinal 
tract in a variety of ways including, but not limited to, growth 
in Successively lower pH environments. The bacteriophage 
may also be selected to Survive passage through the gas 
trointestinal tract of a Subject. The bacteriophage is isolated 
from the Subject after passage through the gastrointestinal 
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tract of the Subject. The resulting selected bacteriophage is 
more capable of Surviving the gastrointestinal tract of a Sub 
ject. 
An alternative method of selecting a bacteriophage capable 

of Surviving passage through the gastrointestinal tract of a 
Subject includes infecting non-pathogenic bacteria with bac 
teriophage to produce bacteriophage infected non-patho 
genic bacteria and administering the bacteriophage infected 
non-pathogenic bacteria to the subject. It is believed that the 
bacteriophage pass through the upper digestive tract encased 
in the non-pathogenic bacteria. It is further believed that, once 
in the lower digestive tract, a portion of the bacteriophages 
will lyse the non-pathogenic bacteria, enter the lower diges 
tive tract and be available to attack pathogenic bacteria in the 
lower digestive tract. 
The identified wide host range bacteriophage are useful in 

commercial and therapeutic applications. A combination of 
the selected wide host range bacteriophage may be utilized to 
allow for overlapping bacterial specificity. In other words, 
bacteriophage may be combined such that the combination 
will kill a wide array of bacterial species. This feature may 
allow use of the bacteriophage to kill bacteria without a need 
for prior Susceptibility testing or bacterial strain typing prior 
to administration of the bacteriophage. Such testing is cost 
and time intensive and represents another reason bacterioph 
age therapy has not gained widespread use to date. 

Amplification of bacteriophage for use in treatment of 
animal or human infections, or treatment of products intended 
for use in food or feed, has traditionally carried some risk of 
accidental infection with the target pathogenic bacterium if 
separation of bacteriophage from host pathogenic bacteria is 
not complete. The ability to amplify bacteriophage in alter 
native non-pathogenic hosts greatly reduces this potential 
threat, and also reduces the costs associated with redundant 
steps to ensure exclusion of the amplification host from the 
bacteriophage product. By amplification of prophylactic or 
therapeutic bacteriophage in non-pathogenic hosts during 
manufacture, risk of introduction of pathogenic bacteria is 
eliminated. Similarly, alternative hosts which produce little or 
no endotoxins or exotoxins can be selected for amplification 
of therapeutic bacteriophage under commercial conditions, 
thereby reducing or eliminating the need for purification (re 
moval of toxins) for use of Such preparations on food, and 
feed, or in animals and humans. 
The resulting bacteriophage infected non-pathogenic bac 

teria may be used to prepare a medicament and the medica 
ment may be used to treat an infection caused by a pathogenic 
bacterium in an infected subject. Suitable medicament and 
methods of treating subjects infected with a bacterium are 
provided. The medicament may be administered by any 
method known to those of skill in the art, including but not 
limited to, injection (such as intravenous, intramuscular and 
intraperitoneal), ingestion (Such as in food, water, tablets, 
capsules or by gavage), topical application (in a wash, spray, 
cream, toothpaste, toothbrush, or mouth rinse or the like), or 
aerosolization (such as in a mist, fog or propellant-based 
delivery device). 
The medicament may contain one or more bacteriophage 

alone or in combination with non-pathogenic bacteria. The 
medicament may be used to treat a subject infected with a 
bacterium, wherein the bacteriophage lyse the bacteria to 
treat the infection. The Subject may be a domestic animal, a 
poultry, a fish or a human. Domestic animals include, but are 
not limited to, a cow, a pig, a rabbit, a sheep, a goat, a horse, 
a hamster, a dog, a cat, amouse, and a rat. Poultry include, but 
are not limited to, a chicken, a turkey, a guinea, a quail, a duck, 
a goose, a pheasant, a partridge, a grouse, a pigeon, a squab. 

10 

15 

25 

30 

35 

40 

45 

50 

55 

60 

65 

6 
an ostrich, an emu, and arhea. Fish include, but are not limited 
to, a fresh finfish, a saltwater finfish, a crustacean, a mollusk, 
an alligator, a frog, an aquatic turtle, a jellyfish, a sea cucum 
ber, a sea urchin, the roe of those animals, a catfish, and a 
tilapia. 
The medicament and method of treatment may include 

treatment of infections including, but not limited to, enteric 
infections, skin infections, blood infections, respiratory 
infections, and gingival infections. The infection may be 
caused by any bacterium. Bacteria may suitably be selected 
from the group consisting of Salmonella, Escherichia, Por 
phyromonas, PrevOtella, Fusobacterium, Campylobacter, 
Streptococcus, Staphylococcus, Listeria, Klebsiella, Bacil 
lus, Citrobacter, Enterobacter, Enterococcus, Bifidobacte 
rium, Leuconostoc, Proteus, Kluyvera, Lactobacillus, and 
Pediococcus species. 
Methods of decontaminating an object comprising apply 

ing a wide host range bacteriophage to the object are also 
provided. Application of the bacteriophage to the object 
results in infection and lysis of contaminating bacteria by the 
bacteriophage. The bacteriophage may be a plurality of bac 
teriophages. The bacteriophage for use in the methods may 
comprise bacteriophage infected non-pathogenic bacteria or 
may have been prepared by amplification or passage in non 
pathogenic bacteria. 
One of skill in the art will appreciate that the bacteriophage 

may be applied to the object in a variety of ways which allow 
the bacteriophage to contact and infect the bacteria. Methods 
of applying bacteriophage to an object include, but are not 
limited to, applying an aqueous solution comprising the bac 
teriophage to the object. The aqueous Solution may be applied 
by any means known to those of skill in the art including, but 
not limited to spraying, washing or Submerging the object 
with the aqueous solution. The aqueous solution may com 
prise a liquid Soap, or be carried by a pre-moistened wipe. 
The object to be treated may be any object that may be 

contaminated with bacteria. Suitable objects for use in the 
methods include, but are not limited to, food products, plants, 
Surfaces (such as those in buildings including restaurants, 
residences, nursing homes, kitchen countertops, hospitals 
and children’s toys), animals, animal carcasses, and animal 
habitats. Food products include, but are not limited to fruits, 
Vegetables, meat products, poultry products, seafood prod 
ucts, dairy products, raw food products and ready-to-eat food 
products. Surfaces include, but are not limited to, tables, 
floors, chairs, beds, toilets, showers and baths. Animals 
include, but are not limited to, domestic or undomesticated 
animals, fish, poultry and humans. Animal carcasses include, 
but are not limited to carcasses of domestic animals, poultry 
and fish. In the Examples below, wide host range bacterioph 
ages were demonstrated to reduce bacterial contamination of 
both chicken and turkey carcasses when the bacteriophage 
were applied by spraying or rinsing the carcass with a solution 
comprising a wide host range bacteriophage. 
Methods of producing vaccines are also disclosed. A bac 

terium useful in a vaccine preparation may be infected with a 
wide host range bacteriophage selected according to the dis 
closed methods to produce a killed bacterial vaccine. This 
method could be used to produce a killed bacterial vaccine 
specific for any bacterial pathogens. Bacterial pathogens 
include, but are not limited to Salmonella, Escherichia, Sta 
phylococcus, Streptococcus, Proteus, and Enterococcus. 

Methods of determining bacterial viability in a sample 
using the selected bacteriophages are also provided. Bacte 
riophage capable of lysing the bacteria in the sample may be 
added to the sample and amplification or growth of the bac 
teriophage is indicative of viable bacteria in the sample within 
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the host range of the bacteriophage. The amplification or 
growth of the bacteriophage may be detected in a variety of 
ways as will be readily appreciated by those of skill in the art. 
Bacteriophage reproduction may be detected by methods 
including, but not limited to, Subsequent plating on permis 
sive bacteria to determine an increase in PFU, detection of 
expression of bacteriophage polypeptides, detection of 
expression of a bacteriophage controlled or carried marker, 
and detection of altered expression of a bacterial polynucle 
otide or polypeptide in response to infection with the bacte 
riophage. Markers are known to those of skill in the art and 
include fluorescent markers such as the green fluorescent 
protein (GFP), enzymatic markers such as B-galactosidase or 
alkaline phosphatase as well as others. The selected bacte 
riophages may also be used in biodetectors to provide infor 
mation not only on the viability of bacteria, but also the 
identity of the bacteria. Briefly, a sample suspected of con 
taining bacteria may be treated with a wide host range bacte 
riophage known to infect a specific set of bacteria. Growth or 
amplification of the bacteriophage is indicative of the viabil 
ity of the bacteria in the sample and the identity of the bacteria 
in the sample. 
The disclosed methods provide: 1) new approaches for 

selection and application of bacteriophages, and 2) novel 
approaches for selection and use of alternative hosts for the 
bacteriophages. These combined approaches provide power 
ful and cost-effective tools to prevent or treat infectious bac 
terial diseases, including enteric diseases. These approaches 
also have commercial use in biodetection systems. The fol 
lowing examples are meant to be illustrative only and are not 
intended as a limitation on the concepts and principles of the 
invention. 

EXAMPLES 

Bacteriophage Isolation. 
Wastewater samples were obtained from a local municipal 

wastewater treatment plant and filtered through a 0.2M filter 
(Becton Dickinson, Sparks, Md.). A combination of 100 uL 
of 107 CFU/mL Salmonella enteritidis PT 13A (SE) and 1 mL 
of the wastewater sample filtrate was added to 1.5 mL of 
tryptic soy agar (TSA; Pall-Gelman Laboratory, Ann Arbor, 
Mich.) and poured over a warm TSA petri plate. Plates were 
incubated overnight at 37°C., and those with confluent lysis 
of SE were then flooded with 15 mL of Sterile 0.9% NaCl 
(saline). The fluid was then poured off the plate and filtered 
through a 0.2 Lum filter. Serial ten-fold dilutions were made in 
saline. Plates were poured as described above with 1 mL of 
each bacteriophage dilution. Individual distinct plaques 
resulting from this plating were then differentiated on the 
basis of plaque morphology, and different plaques were 
sequentially passed on TSA plates at least three Subsequent 
times to establish bacteriophage isolate purity. 

With this technique, 44 bacteriophages were isolated from 
four wastewater samples collected on separate days. While 
several different plaque morphologies were noted and iso 
lates were obtained from four different wastewater collec 
tions, no attempt to differentiate bacteriophages based on 
molecular or physiological characteristics was made. 
Amplification of Bacteriophages in Non-Pathogenic Bacte 
18. 

Thirty-five non-pathogenic enteric bacterial isolates were 
used to screen the 44-pooled bacteriophages for their ability 
to amplify in more than one species of bacteria. Non-patho 
genic bacteria used in the screening process included Bacillus 
spp., Staphylococcus xylosus, Staphylococcus spp., E. coli 
(10 different enteric isolates), Klebsiella Oxytoca (2 isolates), 
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8 
Klebsiella travesanii, Citrobacter freundii (6 isolates), 
Enterobacter cloacae (2 isolates), Enterococcus faecium, 
Proteus spp., Kluyvera ascorbata, Lactobacillus casei (2 iso 
lates), Lactobacillus cellobiosus, Lactobacillus fermentum, 
Lactobacillus helveticus, Lactobacillus paracasei, Lactoba 
cillus salivarius, Pediococcus parvulus. The pooled bacte 
riophages were combined with each individual bacterial iso 
late at a ratio of 1 mL bacteriophages, 3 mL bacterial culture 
(turbid culture), and 5 mL tryptic soy broth (TSB). This 
combination was incubated for 2 hat 37°C. The culture was 
then sterile filtered using a 0.2 filter. The sterile filtrate was 
recombined at a ratio of 1 mL filtrate, 3 mL bacterial culture, 
and 5 mL TSB and reincubated. This process was repeated for 
a total of four incubation periods. To determine final plaque 
forming units (PFU) of the amplified bacteriophages, 1 mL 
sterile filtrate was combined with 100 uL of 107 CFU/mL SE 
and 1.5 mL TSA poured over a warm TSA petri plate (soft 
agar overlay plates). This experiment was repeated two times. 
Isolated bacteriophages were sequentially passed on Soft agar 
overlay plates at least three times to ensure bacteriophage 
isolate purity. 
Of the 35 bacterial isolates screened, SE selected bacte 

riophages were able to amplify in four different isolates (FIG. 
1). In trial 1, the titer of the original 44-pooled bacteriophages 
was 4.1x10 PFU, and the estimated level of bacteriophages 
after passage without amplification was 1.0x10 PFU. Four of 
the tested 35 bacterial isolates (designated 8, 10, 23, and 24) 
amplified at least one of the bacteriophages in the original 
pooled culture beyond the titer of the unamplified bacterioph 
age culture. In trial 2, the titer of the original 44-pooled 
bacteriophages was 1.22x10 PFU, and the estimated level of 
bacteriophages after passage without amplification was 1.8x 
10 PFU. All 35 bacterial isolates were screened against the 
pooled bacteriophages. The same four bacterial isolates—8, 
10, 23, and 24-amplified at least one of the bacteriophages 
beyond the titer of the unamplified bacteriophage culture. 
To confirm amplification and lysis of the selected alterna 

tive host bacteria by the selected wide-host range bacterioph 
ages isolated above, a second experiment was conducted in 
which selected bacteriophages and the alternative host bac 
teria were combined for co-incubation as described previ 
ously for two incubation periods. To confirm lysis of the 
alternative host bacteria, PFU were determined using soft 
agar overlay plates utilizing the alternative host bacteria. 
The selected wide host range bacteriophages, numbered 

according to the alternative host bacteria in which they 
amplify, namely bacteriophage 8, 10, 23, and 24, were ampli 
fied in their respective alternative host bacteria. Initial PFU 
were 2.7x10", 1.4x10, 4.6x10" and 5.1x10", respectively. 
After two incubation periods, the final titer of the bacterioph 
ages was determined on Soft agar plates utilizing the alterna 
tive host bacteria. The final PFU of each bacteriophage were 
2.8x10", 1.28x10', 2.04x10', and 9.2x10, respectively 
(FIG. 2). 
Amplification of Bacteriophages in Pathogenic Bacteria. 
To determine the Salmonella host range of the selected 

wide-host range bacteriophages, 10 different field isolates of 
Salmonella identified by the National Veterinary State Labo 
ratory were utilized. The species included S. heidelberg, S. 
montevideo, S. Ohio, S. hadar; S. typhimurium, S. agona, S. 
kentucky, S. infantis, S. minnesota, and S. Sefienberg. For this 
experiment, each bacterial isolate was grown to turbidity and 
combined with each of the 4 selected wide-host range bacte 
riophages so that each bacteriophage was tested individually 
against 10 different Salmonella isolates. Bacteriophages and 
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bacteria were combined for co-incubation as described above 
for two passages. PFU were determined using SE soft agar 
overlay plates. 
Two of the wide-host range bacteriophages, 8 and 10, were 

able to amplify in different species of Salmonella. (FIG. 3). 
Bacteriophage 8 was able to amplify in six different species of 
Salmonella including S. heidelberg, S. montevideo, S. Ohio, S. 
typhimurium, S. agona, and S. minnesota. Bacteriophage 10 
was able to amplify in two additional different species of 
Salmonella, S. heidelberg and S. infantis. A similar experi 
ment was performed, and one bacteriophage isolate was also 
able to amplify in both E. coli O157:H7 and SE. 
Disinfection of Poultry Carcasses. 

Commercially processed broiler carcasses were removed 
from the processing line immediately prior to chill tank 
immersion. Each carcass was placed in an individual carcass 
rinse bag (35x48 cm; VWR International, South Plainfield, 
N.J.), sealed with a cable tie, and randomly assigned to treat 
ment groups. Carcasses were transported to the laboratory, 
and each carcass was inoculated with SE or ST according to 
the methods described by Cox et al. (1980) incorporated 
herein by reference in its entirety. Briefly, a sterile cell 
spreader was used to thoroughly spread 100 L of inoculum 
over the entire breast area. Colony forming units of each 
inoculum are listed in Table 1. Each broiler carcass was then 
placed back into its original bag and stored at 4°C. for 2 h. 
Carcasses were then individually removed from each bag and 
sprayed with 5.5 mL of sterile salinealone (controls) or saline 
containing the wide host range bacteriophage (WHRCP), iso 
lated and amplified as described above. 

TABLE 1. 

Colony forming units (per carcass) of Salmonelia enteritidis 
(SE) or Salmonella typhimurium (ST) used to inoculate broiler 

carcasses and, plaque forming units of wide-host-range bacteriophage 
(WHRqp) used to treat inoculated carcasses. 

CFUSE CFUST PFUWHRp 

Experiment 1 40 * 2.9 x 109 

Experiment 2 110 * 6.0 x 10 
Experiment 3 41 31 2.1 x 10 
Experiment 4 51 3 1.7 x 109 

*ST not added this experiment 

Hand-held garden sprayers were calibrated to apply a fine 
mist of treatment over the breast area (5.5 mL/carcass). The 
PFU of WHRqp applied during each experiment is also listed 
in Table 1. Onehundred mL of sterile water was then added to 
the abdominothoracic cavity of each carcass, the bag was 
sealed with a cable tie, and the contents were vigorously 
shaken by hand for 30 s. The rinse fluid was aseptically 
collected in Sterile sealed containers and an equal Volume of 
concentrated (2x) tetrathionate broth base was added to the 
rinse fluid of each sample, and samples were enriched and 
plated for Salmonella recovery as described above. Ten car 
casses were used as negative controls to ensure that inocu 
lated carcasses did not contain a field isolate of Salmonella. 
These results show that the WHRqp rinse was able to reduce 
concentrations of Salmonella to below detectable levels 
(Table 2). 
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10 
TABLE 2 

Recovery (positive? total) of Salmonella enteritidis (SE) or 
Salmonella typhimurium (ST) from broiler carcasses treated with 

spray application of 5.5 mL of wide-host-range bacteriophage (WHRD). 

SE ST 

Control Treated Control Treated 

Exp. 12 18.20 5,208 3 
Exp. 2 2O2O 2,208 3 
Exp. 3 19,20 Of2O:s 18.20 2.20% 
Exp. 4 1S,2O Of2O:s 1S,2O 8,208 

all negative controls tested were negative for Saimoneiia recovery 
240 CFUSE, 2.9 x 10'PFUWHRd 
ST not added this experiment 
“110 CFUSE, 6 x 10'PFU WHRd. 
41 CFUSE, 31 CFU ST, 2.1 x 10'PFUWHRd 
651 CFUSE, 3 CFU ST, 1.7 x 10'PFU WHRd 
*values are significantly different (P<0.05) within experiments 

As reported in Table 2, recovery of SE was reduced from 
18/20 in the control group to 5/20 in the treated group in 
experiment 1. The results represent a 65% reduction in recov 
ery of SE and represented a significant reduction in SE. 
Experiment 2 also resulted in a significant reduction of SE, 
with a 90% reduction of SE recovered on treated vs. control 
carcasses. In experiments 3 and 4, both SE and ST were 
reduced significantly. No SE was detected on phage-treated 
carcasses for both experiments. In experiment 3, an 80% 
reduction of ST was seen and, a 35% reduction in recovery 
was noted for experiment 4. The data indicate that bacterioph 
ages can successfully reduce the levels of SE and ST on 
processed broiler carcasses. 

In FIG. 4, broiler carcasses were intentionally inoculated 
with Salmonella enteritidis (SE) (20 CFU per carcass) and 
sprayed with 5.5 mL of sterile saline either alone (control) or 
containing 0.53x10", 10, 10, or 10'PFU/mLphage isolate. 
The broiler carcasses were placed in a bag with 100 mL sterile 
saline and vigorously shaken for 30 sec. The rinse fluid was 
collected and plated for Salmonella recovery. As demon 
strated in FIG. 4, Salmonella recovery from broiler carcasses 
was significantly reduced by treatment with bacteriophage in 
a dose-dependent manner. 

In FIG. 5, commercially processed turkey carcasses were 
rinsed with Saline alone (control) or water containing the 
pooled wild-type bacteriophages isolated against SE. The 
pooled bacteriophages were amplified in SE, or S9 (a Salmo 
nella field isolate obtained from the flock antemortem), or a 
combination of SE and S9. All of the bacteriophage treat 
ments significantly reduced the frequency (p<0.05) of Salmo 
nella recovery from the turkey carcasses as compared to 
controls. 
Sensitivity of the Bacteriophages to Low pH. 

Four phage isolates (PHL 4, 5, 16, and 24) were used to 
evaluate Survival of the bacteriophage during exposure to 
simulated acidic conditions within the proventriculus of poul 
try. Sterile sample cups were filled with 50 mL of TSB, and 
0.5 mL of each phage in Suspension was added to two dupli 
cate cups (eight cups total). The pH of the solution in one cup 
was dropped to pH 2.0 by the addition of hydrochloric acid 
(HCl). The pH of the duplicate cup for each phage was main 
tained at the pH (7.4) of the unadjusted media to serve as a 
control. All the cups were then incubated for 30 min at 41.5 
C. After incubation, the pH of the treated media was read 
justed to 7.4 by the addition of 1M sodium hydroxide (NaOH) 
solution. One mL from each cup was then filtered, serially 
diluted, and plated using the soft agar overlay method to 
determine the number of PFU of phage per mL of solution. 
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The pH, time and temperature were selected to simulate pas 
sage through the proventriculus of chicks, which the bacte 
riophage must travel through before reaching the intestinal 
tract or cecae. After brief incubation at pH 2.0, the numbers of 
bacteriophages recovered were markedly reduced (FIG. 6). 5 
However, PHL 5 and PHL 16 were able to survive the treat 
ment conditions. Successive treatments of amplification fol 
lowed by incubation in pH 2 for 30 minutes at 41.5 C° would 
result in increased survivability of PHL 5 and PHL 16. 

Similar methods will be used to select for phages that can 
withstand other adverse conditions, including but not limited 
to, high pH, desiccation, low/high temperature and low/high 
pressure. 
Phage Survival in the Upper GI Tract of Chicks. 
The same phage isolates were evaluated for their ability to 

survive the environmental conditions of the upper GI tract of 
chicks in vivo. Each phage isolate was Suspended in 1 mL of 
sterile saline with 1 mg of fluorescein. Twelve chicks (three 
chicks perphage isolate) were orally gavaged with 0.25 mL of 
phage and fluorescein Suspension. Fifteen minutes post-treat 
ment, chicks were humanely killed and the upper and lower 
ileum were briefly examined under black light. In all 12 
chicks, fluorescein dye was detected in the lower ileum. The 
upper and lower ileum were then collected and placed in 
individual tubes with 5 mL of sterile saline, Vortexed for 20s, 
and sterile filtered using a 0.22 um membrane. The filtrate 
was plated using the Soft agar overlay technique to determine 
phage PFU per sample recovered. 

From chicks gavaged with PHL 16 or PHL 24, no bacte 
riophages were recovered from the upper or lower ileum, and 
few were recovered from chickstreated with PHL 4 (Table 3). 
PHL 5 was best able to survive upper GI tract environmental 
conditions (Table 3). This is the same phage (PHL5) that was 
bestable to survive the low pH conditions as shown in FIG. 6. 
Thus, selection for low pH is a good model for selection to 
survive the upper GI tract. 
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Recovery of bacteriophage isolates 4, 5, 16, and 24 from the ileum of 
chicks following administration of approximately 2.5 x 10° PFU by oral 

gavage. 
Each phage isolate was suspended with fluorescein. Chicks were orally 
gavaged with the phage and fluorescein Suspension. Fifteen minutes 

post-treatment, the upper and lower ileum were briefly examined under 
black light. In all chicks, fluorescein dye was detected in the lower ileum. 
The upper and lower ileum were then collected and placed in individual 

tubes of sterile saline, vortexed, and sterile filtered. The filtrate was plated 
using soft agar overlay technique to determine phage PFU per sample 

recovered. 

- plum. " 

Lower Ileum Bacteriophage Isolate Upper Ileum 

PHL 4 24 1 
PHL 5 43 250 
PHL 16 O O 
PHL 24 O O 

55 

Oral Administration in an Alternative Host Bacterium. 
Two wild-type phage isolates (WHR 8 and WHR 10) were 

selected for their ability to amplify in alternative host bacte- 60 
ria. Phage WHR8 was amplified to 2x10 P/mL in E. coli and 
WHR 10 was amplified to 3x10 PFU/mL in Klebsiella oxy 
to ca. Alternative host bacteria were grown in an overnight 
culture of tryptic soy broth. Phages were combined with their 
respective alternative host bacteria at a ratio of 100 mL phage: 65 
10 mL alternative host bacteria and allowed to incubate at 37° 
C. for 10 min prior to administration by oral gavage. Two 

12 
groups, one for each alternative host bacteria, were adminis 
tered a 100x dilution of alternative host bacteria plus 1% skim 
milk in the drinking water. At 6 h, 26 h, and 77 h post-gavage, 
an intestinal sample including ceca, lower Small intestine, and 
large intestine were aseptically removed from a portion of the 
chicks. Samples from 5 birds were combined in a single 
sample bag, and 5 sample bags were filled for titering of 
phage Survival. Titer was determined using soft agar overlay 
plates with SE. 

While there was a reduction seen in phage recovery (FIG. 
7), WHR 8 was recovered at a loss of just 1.67 log 10 at 6h 
when administered by gavage alone, and a loss of only 1.59 
log 10 when alternative host bacteria is added to drinking 
water. WHR 10 experienced greater loss of 3.73 log 10 and 
4.21 log 10, respectively. These losses are less than those seen 
when the bacteriophages were administered directly to the 
chicks. (See Table 3.) 
WHR 10 was evaluated at different ratios with alternative 

host bacteria and when administered every 12 h. Alternative 
host bacteria and phage were prepared as described above. In 
group 1, phage were administered by gavage alone. Group 2 
was WHR 10+ alternative host bacteria by gavage only. 
Group 3 was also gavaged with WHR 10+alternative host 
bacteria and also had 5.35 log 10/mL in the drinking water 
throughout the entire experiment. Group 4 was the same as 
group 3, but alternative host bacteria was 6.35 log 10/mL in 
the DW. Phage--alternative host bacteria were administered 
by oral gavage every 12hin group 5. Samples were recovered 
as described above. Samples were taken 6 h, 24 h, and 72 h 
post gavage. 
As demonstrated in FIG.8. WHR 10 recovery dropped by 

3 to 6 log 10 based on treatment method. The level of alter 
native host bacteria administered in the drinking water had no 
effect on recovery of phage from the lower GI tract, and levels 
of recovered PFU steadily declined throughout the experi 
ment for groups 1-4. With the administration of phage every 
12 hours, the level of recoverable phage remained constant 
for the full 72 h. This level is higher than any value previously 
recorded in the literature. 
Therapeutic Treatment InVivo. 

Bacteriophages were selected for pH tolerance and ability 
to Survive the gastrointestinal tract of chicks by passage 
through three chicks each time for three serial passages. 
Briefly, a mixture of wild-type isolates was administered to 
SE infected poults by oral gavage. When a feed passage 
marker was observed in the feces, the poults were killed, and 
the ileum, cecal tonsils, and cecae were removed and enriched 
for 30 minutes with TSB and SE. Phages isolated following 
the first passage were administered to the second group of 
poults. The process was repeated two more times. In addition, 
Mg(OH) was added to the bacteriophage treatment to act as 
an antacid, protecting the bacteriophages from the acidic 
conditions of the upper GIT. Because of the buffering capa 
bilities of Mg(OH), perhaps more bacteriophages would be 
intact after passing through the proventriculus than without 
the aid of an antacid. The resulting mixture of bacteriophages 
was used to treat poults in two replicate experiments. 
Our studies indicate that the selected, isolated and par 

tially-characterized bacteriophages are capable of reducing 
Salmonella recovery from the intestine (Table 4). Mg(OH), 
was also used as an antacid to help protect the bacteriophages 
from low-pH conditions in the GIT. Early cultures provided 
marked protection against Salmonella infection. The bacte 
riophages are therapeutically effective in poults. The bacte 
riophage isolates may also be effective against other enteric 
bacterial pathogens due to their wide host range (see FIG. 1). 
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TABLE 4 

Recovery of Salmonella enteritidis (SE) from cecal 
contents of poults challenged with 1.6 x 10" cfu 

of SE 48 hours after placement, and treated with 7.5 x 
10 pful of selected bacteriophages 48 h post-challenge. 

Average colony forming 
units of SE per gram 

Treatment cecal contents 24h post-treatment 

Control 
Mg(OH)2 and bacteriophage 

79,728 + 25,893 
11,224 + 9,110 

The beneficial bacterial cultures (alternative hosts) can also 
be provided continuously in the drinking water either alone or 
in combination with the bacteriophage after initial bacte 
riophage/alternative host administration. By this method, 
very high levels of the bacteriophages are maintained in the 
gastrointestinal tract. Experiments have proven remarkably 
effective at protecting young poultry from a Salmonella 
enteritidis enteric infection. In these studies, large numbers of 
bacteriophages were isolated from the ceca of birds treated 
with a combination of the alternative host bacterial culture 
and bacteriophages. Table 5 shows that when bacteriophage is 
added in gavage and/or water the recovery of SE is Zero. 

TABLE 5 

Effect of Combination Treatment of Bacteriophage (O) and 
a Beneficial Bacterial Culture Serving as an Alternative Bacteriophage 

Host (Mean cfu of SE/g cecal contents in logia units 

Group Treatment 24h 48 h. 72 

1 Control 6.025.40 5.535.15 4.78 - 4.30 
Challenged with 
SE day 1 

2 Prophylactic O O O 
O+FN gavage 
FN in HO 

3 Prophylactic O O O 
O+FN gavage 
O+FN in water 

Disinfection of Surfaces. 
In order to use WHR bacteriophages to sanitize against 

disease-causing bacteria, the phages must be able to Survive 
drying to have a lasting effect on any bacteria introduced after 
the phages are applied. We will progressively select for such 
phages. As an example of a contaminated Surface, we will 
disassemble a keyboard and use individual keypads to test 
previously selected bacteriophages. The phage will be pooled 
to maintain the simplicity of the experiment. 

Eleven individual keypads will be immersed in the pooled 
phages for approximately 10 seconds. The keypads will then 
be placed on a metal drying rack in a laminar flow hood to 
prevent contamination. One keypad will not be allowed to 
dry, and will be used to determine the titer of phages that 
attach to the keypad. After complete drying of the keypads 
(1-3 hours), they will be immersed in brain heart infusion 
broth (BHI), and shaken vigorously to remove the phages 
from the keypad. The BHI will then be used to pour soft agar 
plates with Staphylococcus aureus. Any plaques on the soft 
agar plates will be the result of a bacteriophage that survived 
the drying process. The Surviving bacteriophages will be 
amplified using Staphylococcus aureus, and marked as those 
that can withstand dry conditions upon storage. 

These “dry” bacteriophages will then be subjected to the 
same process to increase the amounts of phages than can 
survive on the dry keypads. We predict that as we pass the 
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14 
“dry” bacteriophages through the selection process, greater 
and greater levels of phages will be isolated off of the dried 
keypads. Once weachieve a plateau of survivability, meaning 
that additional passes do not result in more phages, the selec 
tion process will be complete. We will then proceed to deter 
mine how many phages are necessary to kill Staphylococcus 
aureus on keypads. 
Phage Biosensor. 
A biosensor system will be designed to determine the 

viability of bacteria by their susceptibility to bacteriophage 
infection. Briefly, a nucleocapsid encoding the green fluores 
cent protein (GFP) will be incorporated into a WHRqp genome 
Such that if the phage successfully infects a living bacterium, 
GFP will be expressed and can be detected. The idea is to fuse 
GFP with one of the capsid proteins. In brief, the phage DNA 
will be prepared, and a pair of primers will be designed to 
amplify the capsid protein gene, which is selected to be fused 
with the GFP gene, from the phage DNA using PCR. The 
amplified DNA fragments will be purified and cloned into 
pUC plasmid through two appropriate restriction enzymes. 
The rest of the phage DNA genome sequences will be ampli 
fied using high fidelity PCR enzyme such as ultra PFU 
enzyme from Stratagen to ensure that no mutation will be 
introduced in the PCR reaction. The amplified phage genomic 
fragments will be linked to two sides of the GFP-capsid gene 
based on their original orientation in the phage genome. The 
resultant plasmid will be introduced into E. coli by electropo 
ration for production of phage. The expression of GFP phage 
will be confirmed using inverted fluorescence microscope 
(Olympus IX-71) with x100 oil objective and GFP-optimized 
filterset. The Supernatant containing the phage will be passed 
through 0.2 Lim to remove debris. The purified phage particles 
will be stored at -20°C. until use. The phage produced in this 
round will be added to the E. coli O157:H7 to determine the 
infectivity of the engineered GFP phage by phage titering 
approach. The infectivity of the GFP phage will be compared 
with original phage to determine whether the genomic modi 
fication impair the integrity of the phage. Upon the Verifica 
tion, we will use this GFP phage for subsequent experiments. 
Because a phage will only amplify in living host bacteria, the 
GFP modified phage will only produce GFP in the presence of 
viable bacteria and can be incorporated into any biosensor 
system as a method to determine viability. 

Various features are set forth in the following claims. 

We claim: 
1. A composition comprising at least one isolated wild-type 

wide host range bacteriophage prepared by passage in a non 
pathogenic, enteric bacterial isolates, wherein the wide host 
range bacteriophage is capable of infecting more than one 
genus of bacteria. 

2. The composition of claim 1, wherein the composition 
further comprises a plurality of wide host range bacterioph 
ageS. 

3. The composition of claim 1, wherein the composition 
further comprises a base. 

4. The composition of claim 3, wherein the base is 
Mg(OH). 

5. The composition of claim 1, wherein the composition 
further comprises a non-pathogenic bacterium in which the 
bacteriophage is capable of replicating. 

6. A method of treating a subject infected with a bacterium 
comprising administering the composition of claim 1 to the 
Subject, wherein the bacteriophage is capable of lysing the 
bacterium to treat the infection. 

7. The method of claim 6, wherein the composition is 
administered by ingestion orgavage. 
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8. The method of claim 6, wherein the composition is 
ingested in a food or a liquid. 

9. The method of claim 6, wherein the bacteriophage com 
prises a plurality of wide host range bacteriophages. 

10. The method of claim 6, wherein the subject is selected 
from the group consisting of a domestic animal, a poultry, a 
human and a fish. 

11. The method of claim 6, wherein the infection is an 
enteric infection. 

12. The method of claim 6, wherein the bacterium is 
selected from the group consisting of Salmonella, Escheri 
chia, and Klebsiella species. 

13. The method of claim 6, wherein the composition fur 
ther comprises a base. 
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14. The method of claim 13, wherein the base is Mg(OH). 
15. The method of claim 6, wherein the composition fur 

ther comprises a non-pathogenic bacterium in which the bac 
teriophage is capable of replicating. 

16. The composition of claim 5, wherein the non-patho 
genic bacterium is selected from the group consisting of 
Salmonella, Escherichia, and Klebsiella species. 

17. The composition of claim 1, further comprising a food 
SOUC. 

18. The composition of claim 1, wherein the bacteriophage 
is capable of lysing at least one of Salmonella, Escherichia, 
and Klebsiella species. 

k k k k k 


